]. In addition, the QBO modulation of explicitly resolved eddy transport in the GCM is found to make a significant contribution to the ozone budget, and this helps account for the strong seasonal synchronization of the ozone QBO.
Introduction
The stratospheric quasi-biennial oscillation (QBO) is the dominant source of interannual variability in the tropical and subtropical stratosphere [e.g., Randel et al., 1998 ]. It is also responsible for a significant amount of interannual variability at high latitudes [e.g., Holton and Tan, 1980; Baldwin and Tung, 1994] Reed [1964] proposed that given the vertical stratification of ozone photochemical lifetimes in the stratosphere, the QBO-induced meridional circulation should drive a QBO in total column ozone. When strong equatorial westerlies are present in the lower stratosphere, the atmospheric column has been displaced downward during the descent of the westerly shear zone through the stratosphere. This effectively brings ozone-rich air from its region of maximum photochemical production to the lower stratosphere. Ozone lost at the higher levels is quickly replaced by photochemical production, and the result should be a net increase in total ozone column. When strong easterlies are present in the lower stratosphere, ozone-poor air has been drawn from the lower stratosphere, and the result is a decrease in total ozone column. Reed [1964] noted that the QBO-related temperature perturbation should change sign at about 1• ø latitude. Figure I illustrates the expected consequence for the QBO mean diabatic circulation: sinking (rising) motion in the tropics should be accompanied by rising (sinking) motion in the subtropics. This would lead in turn to a QBO in total ozone that is out of phase between low latitudes and the subtropics. Observations show that indeed, on average, the column ozone QBO does change phase across •1• ø latitude either side of the equator [Oltmans and London, 1982] . In addition, it is also evident from consideration of Figure i that the mean horizontal winds associated with the QBO diabatic circulation should converge into (diverge out of) the tropics at levels where there are westerlies (easterlies) on the equator.
The effects of the QBO-induced meridional circulation on ozone at the equator were explored in more detail by Ling and London [1986] , who used a onedimensional model with parameterized photochemistry driven by an imposed temperature QBO. Their calculations confirmed the idea that the mean vertical motion associated with the QBO could have an effect on equatorial stratospheric ozone. In particular, the maximum in total column ozone is roughly coincident with peak mean westerlies at 50 hPa, when the atmospheric column has been displaced farthest downward. The calculations of Ling and London [1986] also suggested that in the vertical, there are two distinct regions of QBO response in ozone separated by a rather abrupt phase change near 28 kin. They attributed the maximum amplitude region near 22 km to transport processes, while the maximum amplitude region near 32 km in their model is due to the local response of temperaturedependent photochemistry to the QBO in temperature.
The Ling and London calculations did not include a treatment of NOx transport, using instead prescribed NOx values. Chipperfield et al. [1994] later pointed
out that when this approximation is relaxed, the upper QBO region is actually found to be more strongly related to a QBO variation in NOx vertical transport. Randel and Wu [1996] showed that the interannual variations of SAGE II observations of NOx and ozone at low latitudes were consistent with the picture of Chipperfield et al. [1994] .
The first two-dimensional simulations of the ozone QBO that included a detailed photochemical scheme were by Gray and Pyle [1989] . Their model included momentum forcing from parameterized equatorial waves that drove a dynamical QBO. included parameterized wave fluxes in their model. They were able to obtain an equatorially trapped region of QBO ozone response with a latitudinal extent somewhat larger than observed. Subsequent work with the same model by Chipperfield and Gray [1992] addressed the response of many important stratospheric trace species to the imposed QBO. They concluded that the QBO of relatively long-lived atmospheric species is due to a QBO in transport of the species itself, while the QBO of shorter-lived species is due to a combination of transport of trace species that determine the abundance of the short-lived species and local response of the temperature-dependent photochemistry.
Two intriguing features of the observed ozone QBO are its interhemispheric asymmetry [Oltmans and London, 1982; Hamilton, 1989] , and its seasonal synchronization [Hamilton, 1989 [Hamilton, , 1995b Bowman, 1989; Tung and Yang, 1994a] . The extreme total column maxima and minima associated with the QBO off the equator tend to occur in winter in each hemisphere. This is somewhat surprising in light of the apparent interhemispheric symmetry of the QBO zonal wind distribution near the equator. Holton [1989] and Gray and Dunkerton [1990] argued that the hemispheric asymroetry in the ozone QBO could be due to advection of tropical ozone anomalies (induced locally by the Reed mechanism) to higher latitudes by the seasonal crossequatorial mean meridional circulation. Holton [1989] , Gray and Dunkerton [1990] , and Tung and Yang [1994b] all employed simple models to show that this mechanism could indeed produce ozone time series exhibiting a degree of synchronization of the annual and QBO cycles. Hamilton [1989] , on the other hand, proposed that the QBO modulation of the midlatitude wave guide for stationary planetary waves could be important in explaining the coupling of annual and QBO cycles in ozone. Consider, for example, the case in NH winter. At levels where the tropical mean winds are strongly easterly, the surface of zero mean wind in the NH is located well off the equator, and this surface is thought to act as an effective barrier for equatorward propagation of stationary waves. By contrast, the presence of mean westerlies on the equator may allow planetary waves from the NH to reach very low latitudes and even cross into the Southern Hemisphere (SH). To the extent that dissipating planetary waves act to irreversibly mix chemical constituents, this mechanism would produce a contribution to the ozone budget in the tropics and subtropics that is modulated by both the annual cycle and the QBO. Such a mechanism could also possibly explain the interhemispheric asymmetry of the QBO, since stationary planetary waves are much stronger in the NH than in the SH. Most theoretical studies of the effects of the tropical QBO on trace constituents have employed models with zonal-average treatments of atmospheric transport processes. Although this strategy has led to considerable insight into the effects of the QBO on trace species such as ozone, a major limitation is that eddy transport processes must be parameterized. In addition, zonalaverage models run with annually repeating external forcing will not exhibit significant interannual variability in the circulation. The research described in the present paper was motivated by the expectation that valuable insights could be gained into the nature of the ozone QBO through a three-dimensional general circulation model (GCM) simulation in which all the eddy and mean transports are determined self-consistently. In the present study, the work of Hamilton [1998a] is extended to include a detailed treatment of ozone photochemistry, and the internal consistency of the GCM is exploited to provide a detailed picture of how the QBO affects the interannual variability of stratospheric ozone.
Descriptions of the GFDL SKYHI GCM and the stratospheric photochemical scheme used to calculate ozone are given in the next section, along with a description of the QBO experiment. In section 3 the results for the simulated total ozone QBO are presented and evaluated against satellite observations. The vertical structure of the QBO in ozone and related constituents is discussed in section 4, with an emphasis on determining the photochemical processes that are important for driving the ozone QBO at various altitudes. Section 5 is a detailed consideration of QBO transport effects on the zonal-mean ozone budget. Conclusions and a summary are given in section 6.
Model Description
This section begins with a brief discussion of the SKYHI GCM and a description of the implementation of the QBO forcing. The stratospheric photochemical scheme developed for use in SKYHI is then described, as well as the details of the present QBO integration.
Dynamical Model
The dynamical model used is for practical purposes identical to that described by Hamilton [1998a] . This is the SKYHI troposphere-stratosphere-mesosphere GCM [Fels et al., 1980; Hamilton et al., 1995; Hamilton, 1995a] Four imposed QBO cycles last exactly 9 years, and so while the relative phase of QBO and annual cycles varies from cycle to cycle, the sequence repeats every 9 years.
An important point documented by Hamilton [1998a] is that the model responds to the imposed momentum forcing with a QBO in zonal-mean temperature in the tropics and subtropics that is in good agreement with observations.
The addition of the QBO momentum source does little to change the long-term time-mean winds and temperatures of the model, and so the climatology is quite similar to that documented for the 3øx3.6 ø control model in the works by Hamilton et al. [1995] and Hamilton [1995a] . While the overall simulation of the large-scale circulation by this model is reasonable, there are some important deficiencies, particularly at high latitudes in the middle atmosphere.
In common with most GCMs, this model produces results in the middle atmosphere characterized by unrealistically weak mean meridional circulation, a temperature structure too close to radiative equilibrium, and middle atmospheric jets that are stronger than observed (see Hamilton [1996] for a general review of this issue). The largest temperature biases are near I hPa at the winter poles. The simulated temperatures near 1 hPa are lower than observed by as much as 25øC at the North Pole in December-February and lower by more than 60øC at the South Pole in June-August [Hamilton et al., 1995] . These very large temperature biases are largely confined poleward of 60 ø latitude in each case, and are also less prominent in the lower stratosphere.
The cold temperatures and unrealistically weak circulation in the high latitude winter hemisphere pose a particular problem for the simulation of ozone chemistry, which depends strongly on both local temperature and the large-scale transport. Given the natural focus of the present QBO experiment on relatively low latitudes, it was decided that this version of the dynamical model could be usefully employed. However, the deficiencies in dynamical simulation noted here need to be borne in mind when considering the results. In the discussion of the chemical results, attention will be largely restricted to the region equatorward of about 45 ø.
Photochemical Calculation
The photochemical scheme developed for use in SKYHI treats the detailed interactions of reactive oxygen, hydrogen, and nitrogen species. The "family" formalism [e.g., Garcia and Solomon, 1983; Brasseur and Solomon, 1986 ] is used to integrate the stiff set of coupled photochemical differential equations forward in time concurrently with the integration of the atmospheric equations of motion. In general, relatively stable chemical species are integrated using some form of numerical differencing (e.g., explicit or semi-implicit), while short-lived species with photochemical lifetimes comparable to or smaller than the model integration time step are diagnosed using either equilibrium or partitioning expressions. In the case of such shortlived species, the chemical tendency greatly exceeds the transport tendency and therefore these species are not transported. Table I Owing to the large computational expense of calculating photolysis rates in the GCM itself, look-up tables of photolysis frequencies were generated using the quasispherical matrix inversion radiative transfer model of Anderson [1983] . Absorption cross sections and quantum yields were taken from DeMote et al. An important motivation for including detailed photochemical calculations in a GCM is to allow radiative feedbacks between the model dynamics and photochemistry. While this is a long-term goal of the SKYHI model development work at GFDL, the present study was conducted without allowing for these feedbacks. The primary reason for this is that the version of SKYHI used for this study does not have a gravity wave drag parameterization, and therefore the temperatures simulated by the model are often unrealistic enough to significantly degrade the results of the photochemical calculation, especially in the high latitude upper stratosphere. The implications of noninteractive photochemistry for the simulated ozone QBO will be discussed in more detail in the sections below. 
Total Ozone
In this section the simulated zonal-mean column ozone QBO is evaluated against the total ozone QBO seen in 14 complete years (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) The maximum zonal wind anomalies for these years were at approximately the same altitude. Units are pptv/s. 
Eddy and Residual Mean Meridional Circulation

Contributions to the
Transport Tendencies
In the previous section, consecutive Januaries with near-opposite QBO phase were examined to diagnose the causes of the QBO-induced ozone perturbations. Net anomaly transport tendency profiles at the equator are shown for a number of individual Januaries in Figure 18 . The years are grouped by the sign of the equatorial zonal mean wind anomaly at 40hPa, with westerly phases in Figure 18a and easterly phases in Figure 18b . It appears that the QBO phase has a fairly consistent and systematic effect on the transport in the model. Note that the curves in each panel are somewhat displaced in the vertical, simply reflecting the range of QBO phases actually occurring in individual Januaries. Note also that the Januaries for which the QBO phase is exactly the same, such as 24 and 33 for example, exhibit variability as well, which must result from internally generated interannual variability of the model circulation. It is noteworthy that the transport tendency curves for years when westerlies were present in the lower stratosphere are more tightly grouped than for years with mean easterlies in the lower stratosphere. Figure 19 shows the equatorial anomaly transport tendency divided into components due to the transformed Eulerian residual mean circulation, the explicitly resolved eddies, and the parameterized subgridscale diffusion terms. Results are shown again for two consecutive Januaries. Figure 20 presents the same quantities at 25øN. Several important conclusions may be reached from inspection of these figures. First, the anomaly transport tendency due to subgrid-scale processes (parameterized as vertical and horizontal diffusion) is generally small compared with either of the other terms. At the equator the contribution from the mean residual circulation is larger at most heights than that from the eddies, but the eddy contribution is still quite significant (up to 50% or more of the mean circulation component at some heights). At 25øN the contribution of the eddy term to the transport tendency is even more significant. The remainder of this section will be devoted to a more detailed investigation of the nature of the mean and eddy contributions to the trans- The resulting QBO signal in total ozone agrees very well with that derived from a long record of TOMS observations, at least through the tropics. The simulated total ozone QBO features extreme anomalies that tend to occur during winter, in agreement with observations. The model also appears to represent realistically the interannual variability resulting from the interaction between the QBO and the seasonal cycle, as reflected, for example in the periodograms of ozone fluctuations at various tropical and subtropical latitudes [Tung and Yang, 1994a] . The model does appear to be deficient in not simulating a sufficiently strong ozone QBO in midlatitudes, however.
The simulated vertical structure of the ozone QBO in the tropics and subtropics is also quite realistic. Two areas of maximum QBO amplitude are found in the model simulations of ozone mixing ratio: one centered in the lower stratosphere near 30 hPa, and the other near 8 hPa. The two regions of strong ozone QBO response are separated by a rather abrupt phase reversal near 15 hPa. In agreement with results from earlier studies, it was found that the lower region is due to a quasi-biennial periodicity in ozone transport. The midstratospheric region of ozone QBO response is also ultimately driven by the QBO in circulation, but the effect is indirect. In particular, the QBO in transport modulates the NOx concentration, and this results in a quasi-biennial signal in the ozone photochemical destruction rate.
When examined in detail, the QBO-induced transport by the transformed-Eulerian mean residual circulation is found to differ significantly from that proposed by Reed [1964] In contrast to earlier investigations of this problem, the model used in the present study includes an internally consistent calculation of both eddy and residual mean circulation transport processes. The QBO in the model was shown to systematically modulate the eddy transport tendencies of ozone, at least in the Northern Hemisphere winter. In particular, when there are mean westerlies (easterlies) on the equator, the eddy transport of ozone northward from the equator is significantly enhanced (suppressed). This is consistent with the idea that the QBO modulates the tropical propagation of extratropical planetary waves by shifting the location of the zero wind line [Holton and Tan, 1980; Hamilton, 1989 Hamilton, , 1998a .
The present study has been limited to analysis of model results in the tropics, subtropics, and midlatitudes. There has been some suggestion in the literature that the effects of the equatorial QBO can be detected in high-latitude stratospheric ozone observations of both hemispheres [Garcia and Solomon, 1987 
